Abstract Glucocorticoids or their metabolites can be measured in several body fluids or excreta, including plasma, saliva, urine and faeces. In recent years the measurement of glucocorticoid metabolites (GCMs) in faeces has gained increasing attention, because of its suitability for wild populations. In horses, however, the group-specific enzyme immunoassay described so far has a limited practicability due to its complex extraction procedure. Therefore, we tested the applicability of other enzyme immunoassays for glucocorticoid metabolites. The present study clearly proved that an enzyme immunoassay (EIA) for 11-oxoaetiocholanolone using 11-oxoaetiocholanolone-17-CMO: BSA (3α,11-oxo-A EIA) as antigen showed high amounts of immunoreactive substances. Therefore it was possible to use just a small amount of the supernatant of a methanolic suspension of faeces. The results correlated well with the already described method for measuring GCMs in horse faeces, i.e. analysing the samples with an EIA after a two step clean up procedure of the samples (Merl et al. 2000) . In addition, the 3α,11-oxo-A EIA has the advantage of providing a bigger difference between baseline values and peak values after ACTH stimulation. The new assay increased the accuracy of the test, lowered the expenses per sample, and storing samples at room temperature after collection was less critical than with other assays investigated in our study. This is a big advantage both in the field of wildlife management of equids and in the field of equestrian sports and it shows the importance of choosing an assay which is in good accordance with the metabolites excreted in a given species.
Introduction
In vertebrates, the frontline hormones in stressful situations are glucocorticoids and catecholamines. Their increased secretion enhances adaptive physiological responses (Wingfield and Ramenofsky 1999; Sapolsky et al. 2000) . The two main "stress-axes" involved are the autonomic nervous system (Cannon 1935 ) and the hypothalamo-pituitaryadrenocortical (Selye 1936) axes.
Glucocorticoids, or their metabolites, can be measured in several body fluids or excreta, including plasma, saliva, urine and faeces (e.g. . The cortisol in blood can be divided into a free fraction and a fraction bound to corticoid binding globulins (Matteri et al. 2000) , free cortisol representing the biologically active form (Moons et al. 2002) . Stress reduces the binding capacity of the corticosteroid binding globulin (Alexander and Irvine 1998) . Traditionally, plasma has been used, but sample collection is difficult and stressful for the animals, which may confound the results (Hopster et al. 1999) .
Therefore, in recent years the measurement of glucocorticoid metabolites (GCMs) in faeces has gained increasing attention for wild populations (Heistermann et al. 2006) , wildlife management, and conservation as well as behavioural biology Touma and Palme 2005) , largely because it uses a non-invasive and feedback-free sampling method.
Even though horses excrete 41% of radioactive cortisol via faeces (Palme et al. 1996 ) which should therefore be well suited for detecting GCMs in faeces, the extraction procedure for horse faeces described so far (Merl et al. 2000; Gorgasser et al. 2007 ) is more complicated than in other species. This is due to the fact that the assay used picks up only metabolites which are present in minor amounts, but not the dominant ones.
Within the framework of a large project to physiologically validate cortisol and GCM secretion in horses, we tried to find an assay which cross reacts in a higher extent with the GCMs in horse faeces.
Material and methods

Animals
A total of ten horses (five mares, five stallions) were used for the experiment, eight warmblood horses, one haflinger and one pony, all aged between three and 14 years. The experiment was conducted at the veterinarian department of the Ludwig-MaximiliansUniversity in Munich, where the horses were stabled at least three days prior to the testing. The horses were kept in individual boxes with a bedding of straw and were turned out on paddocks during the day. The daily feed of the horses was composed of hay ad libitum and a compound feed twice a day. The animal experiment was permitted by the Bavarian Government (reference number 55.2-1-54-2531-121-07).
ACTH challenge test
The horses were tested in three batches consisting of three, three and four horses, respectively. The sampling procedure differed slightly between these experiments because of adjustments to the horses' turn-out times.
The stimulation test was conducted over a period of six days. On day 1 and 2, blood and faecal samples were taken in the morning. On day 3 only faecal samples were taken in the morning, and blood samples soon after inserting a permanent catheter into the vena jugularis. Two hours after the catheterization 0.05 mg/100 kgBM ACTH were injected i.m. (preparation: Synacthen Injektionslösung®, Novartis Pharma GmbH, Nuremberg). Blood samples were taken 30, 60, 90, 120 and 240 min after ACTH application. In the evening of the same day blood and faecal samples were collected again. Thereafter the permanent catheter was removed. On day 4, 5 and 6 blood and faecal samples were taken in the morning and in the evening.
On day 7, after faecal sample collection in the morning, 16 mg/100 kgBM dexamethasone (preparation: Dexamethason-Injektionslösung®, CP-Pharma Handelsges. mbH, Burgdorf) were injected i.m. After 90 min blood samples were taken. On the same day blood and faeces were collected again in the evening. On day 8, 9 and 10 blood and faecal samples were taken in the morning.
Sample processing
Blood samples were taken with a heparin Monovette® 2 ml LH, Sarstedt, and immediately centrifuged for 8 min at 1,000 g. The plasma was stored at −20°C. During the 30 min intervals of the ACTH stimulation the blood samples were kept on ice and centrifuged within 2 hours. Plasma cortisol levels were analysed using an EIA as described by Palme and Möstl (1997) .
Faecal samples were collected with one-way gloves, stored in glasses and immediately frozen at −20°C, or kept on ice until freezing. For processing faecal samples two different protocols were used and afterwards the samples were analysed by different group-specific EIAs. The first protocol (extraction method described by Merl et al. 2000 ) is a two step extraction including addition of water/methanol. After centrifugation, the supernatant is diluted with NaHCO 3 and reextracted with diethyl ether. The organic solvent has to be evaporated and the residue redissolved in assay buffer before performing the EIA. Using assays which cross reacted with the faecal GCMs of horses in a higher amount than the assay already described; we extracted horse faeces as described for faecal GCM extraction in ruminants (Palme and Möstl 1997) . In brief, 0.5 g faeces plus 1 ml water and 4 ml methanol were vortexed for 30 minutes. The methanolic suspension was centrifuged, a small part of the supernatant diluted in assay buffer and directly analysed by EIA. Further on, we label the use of the diethyl ether extraction protocol with "Extraction", abbreviated "Extr". When no labellings are given we used the simplified method.
Enzyme immunoassays (EIAs)
All enzyme immunoassays used were already published, but not tested in horses. Details about the procedure and the cross-reactivities for the assays are published elsewhere (Palme and Möstl 1997; Ganswindt et al. 2003) . Interassay coefficients of variance for the assays in the horses were 7.8% and 20.9% (n=8) for the EIA measuring blood cortisol, and 13.3% and 15.7% (n=9) for the 3α,11-oxo-A EIA measuring faecal GCMs. Values represent percentage variance for high and low quality controls.
Details of the assays are shown in Table 1 .
Concentration of immunoreactive metabolites after storage at room temperature
For stability analysis faecal samples were collected and from each sample one portion was frozen immediately whereas the other portions were frozen after storage for 1, 2, 4, 8 and 124 hours at room temperature. The content of GCMs was analysed using an EIA.
High performance liquid chromatography (HPLC)
The supernatant of methanolic suspension of faecal samples was separated by reversed phase high performance liquid chromatography (Novapac C18 column 0.39×15 cm, Fa. Waters, Milford, MA, USA). A linear methanol gradient from 50% to 75% in the first 40 min and thereafter 100% methanol up to 55 min were used. Flow rate was 1 ml/min and 3 fractions per minute were collected (95 fractions). Faecal samples of three animals were investigated. Elution positions of reference standards are shown in Fig. 4 .
Statistical analysis
Data were analysed with the software package SPSS 15.0 for Windows. All statistical tests were two-tailed, and alpha was set at 0.05. Spearman rank correlations were used for comparing the different extraction methods and EIAs, as well as possible correlation between plasma cortisol and faecal GCMs. The baseline, highest and lowest values were tested for normality with Ks tests. As they do not significantly diverge from normality, we applied a paired t-test for their comparison.
Results
Correlation between different assays
The faecal samples of the ACTH stimulation test were analysed with three different EIAs (DOA EIA, 3α,11-oxo-A EIA and 3α,11β-dihydroxy-A EIA), both using diethyl ether extraction or the supernatant of a methanolic suspension. When using methanolic supernatant, the values from DOA EIA significantly correlated with those of the 3α,11- Palme and Möstl (1997) b First described by c First described by Ganswindt et al. (2003) d Coupled with N-biotinyl-1,8-diamino-3,6-dioxaoctane (DADOO-biotin)
e Coupled with biotinyl-3,6,9-trioxaundecanediamine (LC-biotin) As the data from different assays in general correlated within the same clean-up protocol, we compared data of the three different EIAs from samples treated with methanolic suspension to those from diethyl ether extraction. All assay values for the suspension method correlated highly significantly with values from DOA EIA when extracted with diethyl ether (Fig. 1) . But 3α,11β-dihydroxy-A EIA values and DOA EIA values showed a better correlation coefficient than 3α,11-oxo-A EIA values to Extr-DOA EIA values (Spearman rank correlation; n=88; 3α,11β-dihydroxy-A EIA: r=0.640; DOA EIA: r=0.628; 3α,11-oxo-A EIA: r=0.432; all p<0.001).
Correlation between mean plasma cortisol and mean faecal GCMs For a better comparison between plasma cortisol and faecal GCMs we calculated the daily mean values for each parameter in the stimulation test. We compared the faecal GCM mean values from different assays (DOA EIA, 3α,11-oxo-A EIA and 3α,11β-dihydroxy-A EIA) to plasma cortisol mean values. As horses excrete cortisol metabolites in faeces with a delay of about 24 hours (Palme et al. 1996; Möstl et al. 1999) , we additionally shifted the correlation calculation between faecal cortisol metabolites and plasma cortisol for 1 and 2 days.
As expected, we could not find correlations between mean values of plasma cortisol to mean values of faecal metabolites for the same day. But for faeces collected one day later the correlation was highly significant for the analysis with 3α,11-oxo-A EIA and Extr-DOA EIA, but slightly weaker for 3α,11β-dihydroxy-A EIA. For the two day shift the correlations diminished again for all three assays. Details of the Spearman rank correlations (Spearman rank correlation coefficient, p-values) are given in Table 2 .
Comparison of amplitude range
We calculated the means for the baseline, the highest and the lowest values during the procedure of ACTH stimulation and dexamethasone depression. For each horse the baseline values were averaged from the first three samples before stimulation, whereas the highest values were taken from the peak after ACTH stimulation and the lowest values from the depression after dexamethasone injection. In Fig. 2 faecal GCM concentrations of two horses during the ACTH Challenge Test, measured with 3α,11-oxo-A EIA and Extr-DOA EIA, are depicted.
We compared the assays for their amplitude range. Generally, higher quantities were measured using the 3α,11-oxo-A EIA than using the Extr-DOA EIA (mean baseline values: 3α,11-oxo-A EIA: 49.91±21.13 ng/g; Extr-DOA EIA: 3.48±1.65 ng/g, Table 3 ). On average the difference between baseline and highest values increased by 55.18 ng/g (110%) for assay 3α,11-oxo-A EIA, which was significant (Paired t-test, see Table 3 ). The mean increase of 4.76 ng/g (140%) for the assay Extr-DOA EIA values was less significant. For the difference between baseline and lowest values we measured an average decrease of 34.07 ng/g (68%) for the assay 3α,11-oxo-A EIA values, which was highly significant (Paired t-test; see Table 3 ), and for assay Extr-DOA EIA values the less significant mean decrease of 2.74 ng/g (78%).
Stability analysis
For stability analysis we compared the GCM content of immediately frozen faecal samples to those kept at room temperature for 1, 2, 4, 8 and 124 hours. All samples were analysed after methanolic suspension with either assay 3α,11-oxo-A or assay DOA. The values from 3α,11-oxo-A EIA showed little variation and a small standard deviation for up to 8 hours, but for those analysed with DOA EIA a strong variation could be seen (n=6 for each time point, Fig. 3 ). In samples, which were stored for 124 hours at room temperature, the GCM concentration strongly declined for assay 3α,11-oxo-A, whereas for assay DOA the values showed a high variability (between 28% and 997%) compared to the particular baseline values from the beginning of the test (Fig. 3 , a single outlier at 997% is not depicted in the graph).
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The immunoreactive substances in the methanolic supernatant of faecal samples were separated by HPLC. The different fractions were analysed with DOA EIA and 3α,11-oxo-A EIA. The DOA EIA showed the dominating peak in fraction 8, whereas the 3α,11-oxo-A EIA showed a peak in fraction 39 and a second peak in fraction 47 (Fig. 4 , one faecal sample is depicted as example). Both peaks were much higher than that measured with the DOA EIA. Also some minor peaks were present, amongst others one peak which coeluted like 11-oxoaetiocholanolone (fraction 33).
Discussion
The present study clearly proved that the 3α,11-oxo-A EIA using the simplified protocol of methanolic suspension correlates well with the established method for measuring GCMs in horse faeces, i.e. analysing the samples with DOA EIA after extraction (Merl et al. 2000) . In addition, the 3α,11-oxo-A EIA has the advantage of providing a bigger difference between baseline values and peak values after ACTH stimulation, cross reacts with at least two other metabolites and in a higher extent than DOA EIA, which is shown by HPLC, and, the detected immunoreactive glucocorticoids are more stable at room temperature. The second EIA (3α,11β-dihydroxy-A) used, also gave good results after applying the methanolic suspension method. It correlates well with the established assay DOA EIA after extraction, but obtains inferior results than the 3α,11-oxo-A EIA concerning the correlation with mean plasma cortisol values. Additionally, when compared to daily mean values of blood cortisol, daily mean values of faecal GCMs, after methanolic suspension, analysed with 3α,11-oxo-A EIA, produce correlation coefficients which are as good and significant as after extraction analysed with DOA EIA, both around r=0.5. The correlation is best when faecal samples are taken with one day delay. This is in agreement with Palme et al. (1996) and Möstl et al. (1999) findings of cortisol metabolites in horses being excreted via faeces about 24 hours delayed compared to plasma.
In general, higher values were found with the 3α,11-oxo-A EIA, which can be explained by having a closer look at the HPLC fractions measured with the DOA EIA and 3α,11-oxo-A EIA. Although both assays are designed to detect 11-oxoaetiocholanolone they differ in their linkage of the steroid for antibody production. 11-oxoaetiocholanolone is linked to BSA at position 3 in DOA EIA, and, in 3α,11-oxo-A EIA, to BSA at position 17. Some cross-reactions occur when the structure differences between cross-reacting molecules are located close to the linking position (Niswender and Midgley 1970; Kohen et al. 1975) . As already pointed out, the DOA EIA is group-specific concerning the oxo group in position 17, whereas the 3α,11-oxo-A EIA's group specificity concerns the OHgroup in position 3. With the 3α,11-oxo-A EIA two peaks were detected in the middle of the chromatogram, which were seen between the elution of tetrahydrocorticosterone and 17α,20α-dihydroxyprogesterone. 3α,11-oxo-A EIA obviously shows cross-reactions with C21 steroids, which are not detected with DOA EIA. Even though we did not conduct a radio metabolism study, it is likely that the detected metabolites are identical or closely related to the dominating GCMs present in horse faeces. These results highlight the importance of choosing an assay which is in good accordance with the metabolites excreted in a given species, and even between closely related species (Bosson et al. 2009 ).
The accuracy of faecal GCM measurements in general benefits from the cross-reaction characteristics of the 3α,11-oxo-A EIA, resulting in a higher baseline quantity as well as big amplitudes between baseline values and peak values after ACTH administration. The big amplitudes of 3α,11-oxo-A EIA strongly improve the practicability of GCM measurement in horses, because the higher the amplitudes the better small differences can be determined and the assay can be applied to different situations and to animals showing different levels of stress. It has to be mentioned that Extr-DOA values showed a higher increase (in percentage) after ACTH administration than 3α,11-oxo-A values, but this method has not the overall benefit of high baseline quantities.
Another relevant aspect is the modification of GCMs after different storage time at room temperature. The time interval between defecation and freezing appears to be crucial in ruminants. Möstl et al. (1999) demonstrated a significant increase of 45% in horse faecal GCMs after 4 hours when measured with DOA EIA. We measured the stability of GCMs at room temperature with the assays 3α,11-oxo-A and DOA. Obviously, the immunoreactive glucocorticoid values measured with 3α,11-oxo-A EIA are more stable compared to those measured with DOA EIA, showing less variation.
This method is superior to the assay used in horse faeces so far (application of DOA EIA after diethyl ether extraction) concerning the amplitude after ACTH induction and dexamethasone depression, as well as the stability of immunoreactive glucocorticoid metabolites. The simplified method poses big advantages, because it is faster and easier to apply, increases the accuracy and automatisation, but lowers the laboratory expenses (e.g. less consumption of solvent, feasible in simple equipped laboratories without pull-off devices) especially when adopted to huge quantities of faecal samples. The non-invasive sampling method, on the one hand, is particularly suitable when measuring stress in feral or wild horses for wildlife management, as well as conservation and behavioural biology. On the other hand, it is urgently needed for the growing sector of equestrian sports and the popular interest in the horse's welfare. With the simplified method higher amounts of samples can be analysed and the method has a better practicability which is necessary in determining the stress level of horses during sports events, e.g. after the transportation, during the contest itself or during the stay at the competition.
